Background: More than 80 million Americans may be at risk of a chemical exposure because they live near one of the 101 most hazardous chemical facilities or near routes used to transport hazardous chemicals. One approach to hazard reduction is to use less toxic alternatives. Chlorine, one of the chemicals posing the greatest public health danger, has several alternatives depending on the application. Methods: We analyzed data collected during 1993-2008 by 17 state health departments participating in the Agency for Toxic Substances and Disease Registry's (ATSDR) active chemical incident surveillance program. We conducted descriptive analyses to evaluate whether five chlorine alternatives (calcium hypochlorite, hydrogen peroxide, sodium chlorate, sodium hydrosulfite, and sodium hypochlorite) resulted in less severe incidents. We used chi square and z-score analyses to test significance, where appropriate. Results: During 1993During -2008During , 2040 incidents involved chlorine, and 1246 incidents involved chlorine alternatives. Nearly 30% of chlorine releases resulted in injured persons, as compared to 13% of chlorine alternatives that resulted in injury. Although similar proportions of persons injured in chlorine or chlorine alternative releases were treated on scene (18% and 14%, respectively) and at a hospital (58% and 60%, respectively), there was a greater proportion of hospital admissions following chlorine releases than there was following releases of chlorine alternatives (10 % vs. 4%) (p < 0.01). There were significantly fewer victims per release for hydrogen peroxide (0.2) than there were for chlorine (1.3) in paper manufacturing (p < 0.01). Conclusion: Exposures to these five potential chlorine alternatives resulted in a lower proportion of exposed persons requiring hospital admission. To reduce acute public health injuries associated with chemical exposures, users should consider a chlorine alternative when such a substitution is reasonable.
Introduction
More than 80 million Americans may be at risk from a toxic chemical release because they live near one of the 101 most hazardous chemical facilities in the United States [1] . Additionally, millions more Americans may be at risk because they live near railroads and highways used for transporting hazardous chemicals. Fortunately, techniques exist to protect communities from the risk of a toxic release ( Table 1 ) [2] . Recently, some facilities and transporters have begun implementing hazard reduction and inherently safer technology (IST) to prevent or minimize chemical exposures, accidents, waste, and environmental contamination [3] [4] [5] [6] [7] [8] . One approach to hazard reduction is to use less toxic alternatives.
Chlorine has been identified as posing the greatest danger to public health at the 101 most hazardous chemical facilities and along shipping or delivery routes near these facilities [1] . A major chlorine gas spill in an urban area could potentially harm 17,500 people [9] . Chlorine is highly toxic and corrosive. Exposure to chlorine at doses as low as 5 -15 parts per million (ppm) may cause nose, throat, lung, skin, and eye irritation [10, 11] . Table 1 . Techniques to achieve toxics use reduction.
 Input substitution: replacing the raw materials of a product with nontoxic or less toxic raw materials.  Product reformulation: reformulating or redesigning end products to be nontoxic or less toxic upon manufacture, use, release, or disposal.  Production unit redesign or modification: using production units of a different design than those used previously.  Production unit modernization: upgrading or replacing production unit equipment or methods.  Improved operation and maintenance: modifying existing equipment or methods by such steps as improved housekeeping, system adjustments, or process/product inspections, and in-process recycling or reuse of production materials.
Breathing chlorine gas at doses of 25 ppm or higher may cause coughing, vomiting, changes in breathing rate, chest pain, dizziness, lung damage, and death. Chlorine is most frequently (92%) used as a starting material for producing other chlorine-containing compounds, such as polyvinyl chloride (PVC) [12] . Chlorine is also used for water disinfection (4%), as a bleaching agent for paper and pulp (1%), and in the synthesis of numerous other products, such as refrigerants, aerosols, silicones, and pesticides (3%).
Safer chemical alternatives for chlorine are available, depending on the application. For this paper, we are defining "safer" to mean less likely to harm human health and/or the risk of a release is minimized. Less toxic alternatives for water disinfection include sodium hypochlorite and calcium hypochlorite [13] [14] [15] . Sodium hydrosulfite and hydrogen peroxide can be used as bleaching aids for paper, and sodium chlorate can be substituted in the copper etching process used to make circuit boards [11, [16] [17] [18] .
Although exposures to chlorine alternatives can produce adverse health effects, those alternatives are considered much safer than chlorine gas because of their physical properties. Hypochlorites are available in liquid and dry forms, and sodium chlorate comes in a liquid solution or as crystalline powder; these forms lessen the risk of a chlorine gas release [13] [14] [15] [16] 19, 20] . Additionally, generating hypochlorites on site eliminates the need to transport chlorine [21] .
We used data from 1993 through 2008 from the Agency for Toxic Substances and Disease Registry's (ATSDR) chemical release surveillance system to compare releases of chlorine to its potential alternatives ("alternatives"). Our purpose was to evaluate whether the alternatives resulted in less severe incidents if releases do occur.
Methods
From 1990 through 2009, ATSDR maintained a statebased surveillance system called the Hazardous Substances Emergency Events Surveillance (HSEES) system to capture data on acute toxic chemical releases (both spills and air releases) and their public health consequences. A release was eligible for inclusion in the HSEES system if it was an uncontrolled or illegal spill or an air release of any hazardous substance meeting specific defined criteria [22] . A threatened release was included if it resulted in a public health action, such as an evacuation or a road closure. Releases of only petroleum (e.g., crude oil, gasoline) were excluded from HSEES, as specified in the Comprehensive Environmental Response Compensation and Liability Act [23] their data directly into a secure, Web-based application that enabled ATSDR to access the data immediately. Information collected for HSEES included the location of the release, the industry involved, the types of areas affected, the proximity to vulnerable populations, the chemicals and quantities released, the number of victims, the types and severity of injuries, evacuation details, and contributing factors for each incident. Severity of injury was measured by the level of medical treatment received (e.g., treated at a hospital). We used the 2-digit 2002 North American Industry Classification System (NAICS) to categorize the industries [25] . . This analysis compared the characteristics of chlorine releases with those involving the following chlorine alternatives: calcium hypochlorite, hydrogen peroxide, sodium chlorate, sodium hypochlorite, and sodium hydrosulfite. We excluded incidents involving multiple chemicals or chemical reactions and focused instead on incidents in which only one chemical was released.
We performed descriptive analysis of HSEES data by using Statistical Analysis System (SAS) version 9.2 [26] . Descriptive statistics presented in this analysis include number of releases, number of injured persons, evacuations, and decontaminations; industry type where release occurred; and medical disposition of injured persons. To determine whether differences between outcomes could be attributed to the quantities of the releases, we examined data on frequency of releases, releases with injured persons, and number of injured persons for chlorine and each alternative by the amount released. We restricted our analysis of quantity released to gallons and pounds because at least 90% of all releases were reported in these units. Chi square and z-score analyses were used to test significance, where appropriate; p-values are provided when tested and statistically significant. The reporting category "unknown" includes missing data and the field entries of "unknown" or "not reported".
Results
From 1993-2008, a total of 2040 single chemical releases of chlorine were reported to HSEES, compared to 1246 single chemical releases involving a chlorine alternative, including 27 threatened releases of chlorine and 21 threatened releases of the alternatives. The number of releases for the alternatives ranged from 31 (sodium hydrosulfite) to 726 (sodium hypochlorite) ( Table 2) . During this timeframe for all HSEES data, chlorine was the tenth most frequently reported substance when only one chemical was released or threatened to be re leased ("single chemical incidents") and the fourth most frequently reported substance in single chemical incidents with injured persons. Chlorine incidents represented 2.0% of all HSEES single chemical incidents and 7.3% of all persons injured in single chemical HSEES incidents. The alternatives represented 1.2% of all single chemical HSEES incidents and 1.3% of injured persons. Ratios of injured persons per release involving injured persons and injured persons for all releases were higher for chlorine (respectively, 3.4, 1.0) than for calcium hypochlorite (2.8, 0.6), hydrogen peroxide (3.1, 0.2), sodium chlorate (2.7, 0.2), sodium hydrosulfite (1.5, 0.5), and sodium hypochlorite (2.1, 0.4). We found that the quantity released did not affect these outcomes.
Industries Where Releases Occurred
The most commonly reported industry category involving chlorine releases (27.6%) was "Manufacturing of paper, printing, chemicals, petroleum, leather, lumber, and stone" ( Table 3) . Almost 25% of the chlorine releases in this category resulted in victims ( Table 4) . Within this category, paper manufacturing was involved in 32.3% of the chlorine releases, resulting in 122 injured persons (5.9% of all injured persons in chlorine releases). Compared to chlorine releases in paper manufacturing, hydrogen peroxide had fewer injured persons per release with injured persons and fewer injured persons for all releases: chlorine had 3.9 and 1.3, respectively, and hydrogen peroxide had 2.0 and 0.2, respectively. Hydrogen peroxide had significantly lower proportions of injured persons for all releases than did chlorine (p < 0.01). Additionally, there were no victims in sodium hydrosulfite releases in paper manufacturing.
"Utilities" was the second most commonly reported industry category involved in chlorine releases (24.0%). One alternative, sodium hypochlorite, had a high frequency of releases in the utilities industry (28.1%). Within this category, water and sewage ("water utilities") accounted for 64.0% of the chlorine releases and resulted in 120 injured persons (5.8% of all injured persons in chlorine releases). Although calcium hypochlorite had a slightly higher ratio of injured persons for water utility releases with injury (2.0) compared to chlorine (1.8), it had a lower ratio of injured persons for all water utility releases (0.2) than chlorine (0.4). In contrast, sodium hypochlorite had a higher ratio of injured persons for all water utility releases (0.9) than chlorine (0.4) and a lower ratio of injured persons for all water utilities releases with injury (1.1) than chlorine (1.8).
Injured Persons
Chlorine releases resulted in a total of 2052 injured persons, as compared to 358 for chlorine alternatives. Chlorine releases resulted in more injured persons per release with injured persons than did all alternatives com bined (respectively, 3.4 vs. 2.3). The majority of persons injured by chlorine or the alternatives were treated at the hospital but not admitted ( Table 5 ). Chlorine releases also had a higher percentage of injured persons who were admitted to a hospital than did the alternatives (9.5% vs.
4.2%) (p < 0.01).
The most frequently reported injury for chlorine and each individual alternative was respiratory irritation. Chlorine had a higher frequency of respiratory irritation than all alternatives except for calcium hypochlorite. Respiratory and eye irritation accounted for over 60% of all injuries reported by persons injured in releases of chlorine, calcium hypochlorite, sodium chlorate, and sodium hypochlorite. Calcium hypochlorite and sodium hypochlorite were more likely to cause chemically related burns than chlorine (6.3%, 11.9%, and 1.1%, respectively). Hydrogen peroxide resulted in a higher proportion of reports of gastrointestinal problems and headaches (12.2% each) than chlorine (8.1% and 3.1%, respectively).
Transportation
There were 543 transportation-related releases involving chlorine or its alternatives; 100 involved chlorine and 443 involved chlorine alternatives. Sixty percent of the chlorine releases occurred during ground transportation, and 37.0% occurred during rail transportation. For releases of chlorine alternatives, ground transportation accounted for a much higher percentage (88.7%) and rail accounted for a much lower percentage (9.4%). Of these 543 transportation-related incidents, 62 (11.4%) releases resulted in injuries to 164 victims, with a maximum of 67 victims in one incident. For transportation-related releases involving chlorine, 23 (23.0% of all chlorine transportation-related releases) involved injuries to 113 injured persons. For the alternatives to chlorine, 39 (8.8% of all transportatio -related releases among the n A review of the 62 transportation-related releases with injuries showed that injuries were reported as chemical-related in 46 (74.2%) releases involving injury to 140 people; there was also one fatality due to non-chemical related trauma in one of these 46 releases. These incidents were nearly equal in the number involving chlorine (20, 43.5%) or the alternatives (26, 56.5%). A higher percentage of persons injured in transportation-related chlorine releases were admitted to a hospital than were persons injured by chlorine alternatives (4.7% and 2.9%, respectively). Medical disposition was unknown for one person injured in a chlorine release. Of the six releases with three or more injured persons, five involved chlorine and one involved an alternative (hydrogen peroxide).
Evacuations and Decontaminations
Evacuations were more likely to be ordered for chlorine (26.2%) releases than for releases involving calcium hypochlorite (17.1%), hydrogen peroxide (9.5%), sodium chlorate (8.8%), or sodium hypochlorite (7.7%). More people were evacuated or decontaminated per incident for chlorine releases (17.1, 0.42) than for calcium hypochlorite (2.2, 0.33), hydrogen peroxide (5.2, 0.20), sodium chlorate (11.2, 0.14), and sodium hypochlorite (5.6, 0.22).
Discussion
Toxics use reduction ( Table 1) is an important strategy in lessening environmental pollution and in protecting human health. One aspect of toxics use reduction is to identify chemical alternatives and assess their value by using information from many categories, including human health [4] . HSEES data on releases of toxic substances, including their frequency and public health consequences, provide a unique information source for the evaluation of whether discernible reductions in injury frequency and injury outcome occur when chemical alternatives are used in specific applications.
In this analysis, fewer people were likely to be injured per release involving chlorine alternatives than per release of chlorine, and injuries were likely to be less severe following exposure to a chlorine alternative than in exposure to chlorine. Furthermore, injuries from chlorine releases resulted in more severe medical dispositions, as indicated by the higher percentage of injured persons who were admitted to the hospital following chlorine exposure than for any alternative. No injured persons were admitted to a hospital as a result of hydrogen peroxide or sodium chlorate releases. Additionally, fewer people were evacuated and decontaminated per release for all of the chlorine alternatives (except for sodium hydrosulfite) than for chlorine releases.
Calcium hypochlorite and sodium hypochlorite are viable alternatives to chlorine for wastewater disinfection, and hydrogen peroxide is a viable alternative to chlorine for bleaching paper [13, 15, 17, 18] . For water utilities, calcium hypochlorite had a lower ratio of injured persons per release, and sodium hypochlorite had a lower ratio of injured persons per release with injured persons than did chlorine. Over 550 water treatment facilities have converted to safer alternatives to chlorine gas; about 175 have switched to using sodium hypochlorite [27] . However, more than 2500 water facilities still use large amounts of chlorine gas. At some of these facilities, substituting a chlorine alternative may be reasonable. The cost of a conversion is often a barrier to switching to an alternative method of water disinfection [21] . Facilities can use the National Association of Clean Water Agencies (NACWA) Chlorine Gas Decision Tool for Water and Wastewater Utilities to assess the benefits and limitations of alternatives to chlorine gas disinfection [28] .
There were significantly fewer victims per release for hydrogen peroxide than for chlorine in paper manufacturing. In 2007, 16 pulp and paper mills filed Risk Management Plans (RMP) with the US Environmental Protection Agency (EPA) for collectively storing almost 4 million pounds of chlorine [29] . Switching these facilities to hydrogen peroxide would lessen the risk to over 2.5 million people. Additionally, an oxygen-or ozonebased process can also be used to bleach paper, and ultraviolet (UV) radiation and ozone can be used to disinfect wastewater [1, 11, 18, 29, 30] . Although it would still be necessary to maintain a chlorine residual in the water, much less chlorine would be needed after the disinfection step is accomplished by ozone or UV radiation.
Although switching to safer chemical alternatives or processes may require an upfront investment, long-term savings can be achieved by lowering costs associated with pollution control, workplace safety requirements, emergency response, employee training, security, safety equipment, and lower insurance premiums [1, 14, 29] . We are unaware of any chemical alternative to using chlorine to make PVC. Since production of PVC is one of the biggest uses of chlorine, other alternatives to PVC should be explored. These alternatives include concrete, vitrified clay, steel, cast iron, and ductile iron for pipes and ducts [31, 32] . The Center for Health, Environment and Justice produced a guide on PVC-free office supplies and building materials [33] . Using a PVC-alternative would lessen the amount of dioxins and furans that are released into the environment as result of burning chlorine-containing products in incinerators [11] .
About 20% of transportation-related incidents involving chlorine resulted in chemically related injuries, as compared to only 6% of incidents that involved chemical alternatives to chlorine. The injuries were more severe in the chlorine incidents, as indicated by a higher percentage of persons injured in chlorine incidents requiring admission to a hospital. Thus, transportation-related releases involving chlorine alternatives led to outcomes with fewer injured persons and less severe injuries. Additionally, facilities that generate sodium hypochlorite on site reduce the need to transport chlorine and eliminate transportation injuries associated with any chemical for this application [21] .
Limitations
The HSEES system was useful for collecting data regarding acute chemical releases and their associated public health impacts. However, there were limitations inherent in the system. The HSEES system collected data in only 17 states during 1993-2008, so the results may not be representative of the entire United States. However, HSEES was the only federal hazardous substances release database designed specifically to assess and record the public health consequences of acute chemical releases that existed during the 1993-2008 time period. Some of the results presented are based on small numbers of incidents and, therefore, may not be a stable estimate. The limited power of the small number of incidents also may have contributed to the lack of statistical significance observed for some results. In addition, incidents that produced chlorine as a reaction may have been inadvertently included in this analysis because of misreporting. Finally, this analysis did not consider the technical requirements necessary for a chemical substitution in the examination of the chemical alternatives.
Conclusion
In this analysis, exposures to chemical alternatives to chlorine resulted in a lower proportion of exposed persons who required hospital admission compared to chlorine exposures. Additionally, several of the chemical alternatives resulted in evacuation or decontamination of fewer people. The data presented support the expectation that there is a decreased impact on human health from exposure to chemical alternatives to chlorine as compared to chlorine, on the basis of the physical properties and on the potential health effects of these chemicals. Although the incidents analyzed involved many varied scenarios, together they suggest that overall these five chlorine alternatives result in fewer and less severe injuries and that they should be considered if process requirements and economic conditions allow. The benefits of using a non-chemical alternative should be carefully weighed as well.
